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The cluster ions formed by the attachment of dimethylsulfoxide (DMSO) and methanol 
to the molecular negative ions of C F , r4 and SF6 have been studied by a pulsed e-beam 
high pressure mass spectrometer (PHPMS) and by an atmospheric pressure ionization mass 
spectrometer (APIMS). The free energy change (AC?) for the clustering equilibria reaction, 
M- + S = M-S, at 35 “C are found to be -7.7 and -7.2 kcallmol for S = DMSO and 
M- = C,F, and SF;, respectively, and -6.4 and -4.5 kcallmol for S = methanol and 
M- = C,F, and SE;, respectively. While the cluster ions formed by DMSO are found 
to be stable against side reactions, those formed by methanol undergo decomposition pro- 
cesses in which the central core ion is fragmented. At 35 “C, the rate law for the decompo- 
sition of the SF;(CHsOH)i ion is second-order, involving the M-(CHsOH), cluster ion and 
another methanol molecule. While the C7F,(CHsOH)1 ion also decomposes through this 
second-order process, a competing unimolecular mechanism is also operative at 35 ‘C. With 
increases in the PHPMS ion source temperature to 150 ‘C, the unimolecular decomposition 
process becomes progressively dominant for both of the M-(CHaOH)r cluster ions of CTFr4 
and SF6. Methanol cluster ions of the type M-S2 are not observed under any of the condi- 
tions examined here. When methanol or water partial pressures of a few torr or higher are 
present in the buffer gas of the APIMS ion source, the decomposition reactions are very fast 
and only the fragment ions produced by these reactions are observed in the electron-capture 
(EC)-APIMS spectra of C7F14 and SF6. Also, in the methanol-containing APIMS ion source, 
the course of the SF; decomposition reaction is altered so that fragment ions of the type 
F-(S), dominate the EC-APIMS spectrum of SF, at all ion source temperatures. For C7Fr4, 
fragment ions of the type F-(S), become dominant at lower ion source temperatures. These 
previously unknown reactions are expected to be important in the analysis of perfluorinated 
compounds by mass spectrometric methods that utiliie ionization by electron capture or 
negative chemical ionization. The nature of the fragment ions produced in these cluster- 
assisted reactions may also provide a new source of information concerning the structures 
of the molecular negative ions of SF6 and C , F r4, (J Am Sac Mass Spectrom 1990, 2, 372-381) 
I? 
erfluorinated compounds (PFCs) generally pos- 
sess high chemical stability and for this reason 
have been put to many practical uses. This sta- 
bility also accounts for their great persistence once re- 
leased into the environment. In sharp contrast to their 
general lack of chemical reactivity, however, is their be- 
havior in the presence of low energy electrons; many 
of the PFCs have demonstrated extraordinary reactiv- 
ity with thermalized electrons with which they readily 
react to form negative ions [l]. This facility for electron 
capture (EC) makes some of the PFCs ideal for use as a 
dielectric fluid in high-voltage transformers; for a long 
time, they will effectively inhibit electrical discharges. 
Some of the most sensitive methods of detecting PFCs 
at trace levels in the environment are also based on 
their fast EC reactions. These instruments are the EC 
detector [2] for gas chromatography and high pres- 
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sure negative ion mass spectrometers [3]. Some of the 
methods that have shown promise for removing PFCs 
from waste and drinking water have also been based 
on the EC reactions of these compounds 141. 
For the above and other reasons, the gas-phase neg- 
ative ion chemistry of several of the PFCs have been 
studied extensively. In these studies, unusual and in- 
teresting behavior has often been revealed. For exam- 
ple, while SF, (sulfur hexafluoride) and C7Fi4 (per- 
fluoromethylcyclohexane) have been shown [1,5,6] to 
undergo resonance EC (reaction 1) extremely rapidly, 
e+M+M- (I) 
both of these molecules, M, and their molecular neg- 
ative ions, MP, have been shown to react extremely 
slowly in electron transfer (reaction 2), 
A-+M=A+M- (2) 
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with various electron donors, A-, or electron accep- 
tors, A, even when reaction 2 in either direction is ex- 
oergic by several kcalimol [7-91. Exoergic reactions of 
this type normally proceed with collision frequencies 
[91. 
Unusual behavior has also been observed in elec- 
tron photodetachment (I’D) studies of SF, and CTF,. 
Drzaic and Brauman [lo] observed no I’D for SF; for 
photon energies up to 4.0 eV, in spite of the fact that 
the electron affinity of SF, is thought to be about 1.0 eV 
[8]. In our laboratory, we recently began I’D studies of 
negative ions at atmospheric pressure [ll] and found 
[12] that the onset of PD for C,F, occurs with photon 
energies of about 3.4 eV, which is also much higher 
than the 1.0 eV [8] electron affinity of C7F14. These 
PD results suggest that the structures of the molecu- 
lar anions of ‘SF6 and C7F14 differ considerably from 
those of the corresponding neutral molecules [13]. It 
has even been suggested [lo] that SF; is possibly an 
ion-molecule complex, which might be more appropri- 
ately written as (SFs)F-, rather than a discrete molec- 
ular anion of octahedral geometry. These structural ef- 
fects may also be responsible for the slow rates of elec- 
tron transfer (reaction 2) that have been observed when 
C7F14 or SF6 is involved as one of the reacting pair. 
In this article we report additional measurements of 
the negative ion chemistry of C7F14 and SF6 in which 
the cluster ions formed by the attachment of dimethyl 
sulfoxide (DMSO) and methanol molecules to C7F, 
and SF; have been studied. Most significantly, the 
methanol clusters of these ions will be shown to be 
unstable against decomposition reactions in which the 
core ioti are fragmented. These cluster-assisted de- 
composition reactions will be shown to be particularly 
important in determining the negative ion mass spec- 
tra of C7F1* and SFs in an atmospheric pressure ion 
source when either of the protic solvents, methanol 
or water, are present in the buffer gas. The possibility 
that these fragment ions provide evidence concerning 
the structures of the SF; and C,F, molecular negative 
ions is considered. 
Experimental 
Two mass spectrometers were used in this study; 
an atmospheric pressure ionization mass spectrome- 
ter @HMS) and a pulsed e-beam high pressure mass 
spectrometer (PHPMS). The APIMS has a relatively 
simple 63Ni-based ion source of about 1.5-cc internal 
volume and has been described in considerable detail 
elsewhere [14,15]. The ion-sampling aperture of the 
APIMS ion source is 50 pm in diameter. The buffer gas 
is technical grade nitrogen that was passed through 
oxygen- and water-removing traps (Alltech, Dearfield, 
IL). Small quantities of C7F14 and SFs were introduced 
to the APIMS ion source by a gas chromatograph. A 
specific partial pressure of DMSO, methanol, or wa- 
ter was added to the nitrogen buffer gas by use of a 
1.0 inch 
Figure 1. Ion source of the PHPMS: a-rectangular stainless-steel 
sour’c~ block, b-gas entrance port, c-repeller plate, d-ion exit 
flange, e-electron entrance flange, f-electron focusing lenses, g- 
filament, h-high conductance stainless screen, i-skimmer lens, 
j-support bracket, k-vacuum envelope flange. 
temperature-controlled bubbler, which has been de- 
scribed elsewhere [15,16]. 
The PHPMS was recently constructed in our Iab- 
oratory and, with several variations of our own, was 
modeled after basic designs previously reported by Ke- 
barle [17]. As this is our first use of this instrument, 
a thorough description of it will be provided. The ion 
source of the PHPMS, shown in Figure 1, was ma- 
chined from a rectangular stainless block, 5 x 5 x 5.7 
cm. Two large circular holes were drilled into this 
block; an axial hole 1.9 cm in diameter by 4.0 cm deep 
and another 1.60 cm in diameter extends from one 
side to the center. A sample inlet line and an elec- 
trical feedthrough for the repeller plate pass through 
the rear of the source block. Two hat-shaped flanges, 
each with a single l.O-mm hole in its center, were in- 
serted and sealed with gold O-rings into the bored 
channels. Along with the repeller plate shown in Fig- 
ure 1, these flanges define the internal dimensions of 
the source. Razorblade slits were spot-welded across 
the l.O-mm holes of both flanges to limit the gas con- 
ductance through the source, while allowing electron 
entrance and ion exit from the source. The razorblade 
slits were set to a width of 30 pm_ For the experiments 
reported here, the side flange was placed flush with 
the internal wall of the channel providing an interior 
source diameter of 1.9 cm. The interior length of the 
ion source, as defined by the distance between the re- 
peller plate and front ion exit flange, was 1.8 cm. The 
interior volume of the source is about 5.0 cm3. The re- 
peller plate was held at ground potential along with 
the entire ion source block. 
The source block was heated by six resistive heaters 
that were inserted into l/8” holes in the source block. 
The temperature was controlled by a Watlow model 
804 temperature controller (Watlow, Winona, MN) us- 
ing an iron-constantan thermocouple. Several addi- 
tional thermocouples were also attached to various 
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parts of the source block in order to ensure uniformity 
of heating. 
Gas samples of desired composition were prepared 
in a heated gas handling plant. The heart of the gas 
handling plant is a 5-L glass reservoir in which gaseous 
samples were prepared and stored during measure- 
ments. This reservoir is connected to the mass spec- 
trometer and to an all-metal valving system by glass- 
to-metal seals and conflat flanges. The stainless valv- 
ing system allows connection of the reservoir to a 2” 
diffusion pump, a buffer gas inlet, and a capacitance 
manometer [MKS (Andover, MA) model 221A, 0 to 
1000 torr]. Chemicals were introduced to the 5.0-L 
glass reservoir by syringe through a teflon-backed sep- 
tum affixed to the reservoir. Prepared gaseous mix- 
tures were leaked to the mass spectrometer through a 
stainless-steel needle valve and a l/4” stainless steel 
transfer line. The entire gas handling plant was en- 
closed in an insulated box maintained at 90 “C. 
AlI chemicals were reagent grade and used as re- 
ceived from commercial suppliers. The buffer gas was 
ultrahigh purity methane (Matheson, Secaucus, NJ) 
and was passed through water- and oxygen-removing 
traps (Alltech) enroute to the gas handling plant. 
With gas flowing to the mass spectrometer, the 
pressure in the ion source was measured using an 
MKS model 315BA (O-10 torr) capacitance manometer 
that was connected to the flow system by a tee in the 
transfer line. With use of the razorblade slits described 
above, ion source pressures up to about 4 torr were 
possible without causing excessive manifold pressure. 
At these source pressures, the differentially pumped 
source and quadrupole manifolds could be maintained 
at pressures below 3 x lop4 and 3 x 1O-6 torr, respec- 
tively. Most experiments were done at 3 torr ion source 
pressure. 
The electron gun used for the pulsed experiments 
is shown in Figure 1. Its filament is displaced by about 
5 cm from the electron entrance slit. The electron gun 
was controlled by a master clock that enables a short 
pulse, typically 40 rsec, of 3000 eV electrons to irra- 
diate the electron entrance slit once every 100 msec. 
Some of the ions that pass through the ion exit slit pass 
through the skimmer lens and into a second vacuum 
region where they are analyzed by a quadrupole mass 
filter [Extrel (Pittsburgh, PA), model C-501 and a chan- 
neltron electron multiplier [Galileo (Sturbridge, MA) 
model 487OE], which was operated in the ion count- 
ing mode. The temporal variations of any selected ion 
with respect to the firing of the e-beam is recorded and 
displayed by an IBM PC AT computer equipped with 
an Ortec (Oak Ridge, TN) ACE-MCS 913 multichannel 
scaling card. This device accumulates the number of 
counts for a given ion as a function of time for typi- 
cally about 1,000 repetitions (100 s total measurement 
time) of the pulsed experiment. 
The high pressure electron capture mass spectra 
(HPECMS) to be reported here were obtained by 
slowly scanning the full mass range of the quadrupole 
mass filter while allowing the e-gun of the PHPMS to 
function in the pulsed mode. 
Results and Discussion 
HPECMS Sped ra 
HPECMS of C7F,, obtained in 3.0 torr methane at an 
ion source temperature of 35 “C is shown in Figure 
2a. The molecular anion, C7F& is clearly dominant; 
no other ions of relative intensity larger than 1% are 
observed. In Figure 2b and c, the effects of adding 
2.1 mtorr DMSO and 10.9 mtorr methanol, respec- 
tively, on the HPECMS spectrum of C7F14 are shown. 
At this source temperature, cluster ions of the type 
M-S (where M- is the core molecular negative ion 
and S is either DMSO or methanol) are observed in 
spectra 2b and c along with the molecular C7F, ion. 
The M-S cluster ions are expected [18] and have been 
observed in previous studies of the solvation of other 
molecular anions by methanol and DMSO. However, 
in the presence of methanol in Figure 2c, four addi- 
tional and unexpected ions are also observed. These 
fragment ions correspond to the species, (M-F)-, (M- 
2F)-, F-(H!+, and F-(HF)2(CH30H)1, with relative 
intensities of 0.96, 0.50, 0.57 and 0.15, respectively. 
In Figure 3 the corresponding HPECMS spectra for 
SF6 are shown. Again, only the expected M- ion in 
pure methane, or the expected M- and M-S ions with 
added DMSO are observed in spectra 3a and b. Again, 
additional fragment ions appear with added methanol 
in spectrum 3c. These fragment ions are primarily at- 
tributed to the species F-(HF)~(CH~OH)O_l (m/z = 59 
and 91) and FF(HF)I(CH~OH)~-~ (m/z = 71,103,135). 
Q) 
t-l- 
C7F14 
m/z 
Figure 2. Electron capture mass spectra of C,F,b measured at 35 
‘C (a) in 3.0 tom pure methane, and (b) with 2.1 mtorr DMSO or 
(c) 10.9 mtorr methanol added to the 3 torr methane. The partial 
pressure of C7F14 is 0.23 mtorr in all cases. 
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Figure 3. Electron capture mass spectra of SF6 measured at 35 
OC (a) in 3.0 torr pure methane, and (b) with 2.1 mtorr DMSO or 
(c) 65 mtorr methanol added to the 3 tort methane. The partial 
pressure of SF6 is 0.15 mtorr in all cases. 
As shown in Figures 4 and 5, increasing the tem- 
perature of the ion source has the effect of simplifying 
the HPECMS spectra of C7F14 and SF, when methanol 
is present in the buffer gas. As expected [18], the rel- 
ative intensities of the M-(CHSOH) cluster ions are 
greatly decreased in both cases by increased tempera- 
ture. It is seen that the relative intensities of most of 
the fragment ions are also greatly decreased with in- 
creased temperature. At the highest temperature used 
(150 “C), the only fragment ions detected in Figures 
4f and 5f, along with the dominant M- ions, are the 
(4 t.- 
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Figure 4. Electron capture mass spectra of C7F14 (0.23 mtorr) in 
3.0 torr methane, which also contains 10.9 mtorr methanol at 
various temperatures between 35 OC and 150 ‘C. 
I. 
Figure 5. Electron capture mass spectra of SF6 (0.15 mtorr) in 3.0 
torr methane, which also contains 61 mtorr methanol at various 
temperatures between 35 T and 150 T. 
(M-F)- fragment ions, and these are present at about 
10% relative intensities in both cases. At 150 “C in 
pure methane buffer gas, the spectrum (not shown) 
of each of these compounds is changed very little rel- 
ative to those shown in Figures Za and 3a, which were 
recorded at 35 “C; the relative intensities of the (M- 
F)- ions are then less than 1% for both C71& and SF6. 
Therefore, it is clear that most of the (M-F)- ions in 
Figures 4f and 5f for C7F14 and SF6 in the presence of 
methanol at 150 ‘C cannot be attributed to a simple 
EC process in which the M- and (M-F)- ions are si- 
multaneously formed. Additional secondary reactions 
involving methanol are clearly operative at 150 ‘C, and 
these are producing most of the (M-F)- ions observed 
in Figures 4f and 5f even though cluster ions are not 
directly observed. 
Clustering Equilibria by Pulsed e-beam 
Measurements 
In order to obtain additional information concerning 
the clustering and fragmentation processes that lead 
to the spectra discussed above, pulsed e-beam mea- 
surements were also made. These experiments were 
performed primarily at the lowest temperature conve- 
niently achieved with the pulsed e-beam ion source, 
35 “C, where the number and intensity of unexpected 
fragment ions are relatively large. An example of one 
of these measurements for the C~F~J-DMSO system is 
shown in Figure 6. An e-beam pulse is applied once 
every 100 ms. During the initial 5 ms after a pulse, the 
total negative ion signal grows from a near-zero value 
to a maximum value. This delay in the onset of ini- 
tial signal is caused primarily by a positive ion space- 
charge field that momentarily exists after the electron 
pulse [7,17]. This field holds all negative ions within 
the gaseous volume of the ion source until most of 
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Figure 6. Pulsed e-beam experiment for the C7F14 (0.23 
mtorr)-DMSO (2.2 mtorr) reaction system in 3.0 tort methane 
at 35 “C. In this case M- is the molecular C7F; ion and M-S 
is the C,F,(DMSO) single cluster ion. 
the electrons have been captured and a charge-neutral 
plasma of positive and negative ions has been estab- 
lished. From that point in time, negative ions are then 
free to diffuse to the walls of the ion source. A small 
fraction of these diffuse through the small ion exit slit 
and are detected. The total negative ion (TNI) signal 
observed by the mass spectrometer (not shown in Fig- 
ure 6) will decay in time by first-order diffusion to the 
walls (for the example shown in Figure 6, the TN1 sig- 
nal has exactly the same decay rate and slope as the 
two ions signaIs shown in this figure). Since the rate of 
ion diffusion through a gaseous medium is inversely 
proportional to the square root of the ion-buffer gas 
reduced mass, all ions of masses > 100 u will have 
very similar diffusion rates in a light buffer gas such 
as methane [19]. If ion-molecule reactions also occur, 
additional changes of ion intensity with time will be 
experienced by the individual ions involved in these 
reactions. 
In Figure 6, the MP ion of C7F14 is the most intense 
ion initially observed. This is expected due to the large 
EC rate coefficient of C,F,d and the fact that neither 
DMSO or methane attach thermalized electrons. An 
ion due to the single DMSO cluster of C7F1;, called 
M-S, is also relatively intense during the initial pe- 
riod and then decays in time with exactly the same 
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log (intensity)-versus-time slope as the M- ion. The 
fact that the MP and M-S ions have constant intensity 
ratios throughout the duration of the experiment indi- 
cates that these ions are linked by chemical equilibrium 
(reaction 3), which is fast in both directions. 
Ku5 
M-+S=M-S (3) 
In all pulsed e-beam experiments involving C7F14 
and SF6 in which DMSO or methanol had been added 
to the methane buffer gas, the establishment of chem- 
ical equilibria between the M- and M-S species by 
reaction 3 was clearly indicated by their parallel tem- 
poral signals, such as those shown in Figure 6. Equi- 
librium constants, I&, for these reactions were eval- 
uated from eq 4, in which the concentration ratios of 
the M-S and M- species in the ion source is provided 
by the measured ion intensity ratios, and the partial 
pressures of the solvating compound is expressed in 
units of atmospheres. 
KMS = P-SW-IFI (4) 
The magnitude of these equilibrium constants was 
found to be independent of partial pressures of S used 
or of the total buffer gas pressure from 2.0 to 4.0 torr. 
These determinations of KMs are listed in Table 1 along 
with the corresponding values for the standard free 
energies at 35 “C that were calculated from AG” = 
-RTlnl&s. A measurement of AG” for the clustering 
of the metafluoronitrobenzene anion by one methanol 
molecule at 35 “C was also made in order to compare 
our measurements of clustering equilibria with previ- 
ous ones performed on this system by Chowdhury et 
al. [18]. Our measurement of AG” = -6.6 kcallmol for 
this system at 35 “C was identical to theirs. 
The -AGo values in Table 1 for clustering of C,F, 
and SF; are larger when DMSO rather than methanol 
is involved as the clustering agent. This result can be 
attributed to the relative magnitudes of the dipole mo- 
ments [ZO] of DMSO (4.0 D) and methanol (1.7 D), 
and has been observed in other studies of ion cluster- 
Table 1. 
at35”C 
Summary of kinetic and thermodynamic measurements 
M S Km a -AGob k,C kzd 
WIQ DMSO 3.0 x 10” 7.7 0 0 
C,F,a CH~OH 3.4 x 10“ 6.4 45’ 1.0 x lo-‘2’ 
SF, DMSO 1.3 x 106 7.2 0 0 
SFe CH,OH 1.7 x 103 4.5 0 3.3 x lo-‘39 
B Equilibrium constant (am-‘) for clustering reaction, M- + S = M-S. 
b Free energy (kcalholl of clustering reaction at 35 ‘C. 
’ First-order rate constant (s-l) for unimolecular decomposition of M-S. 
d Second-order rate constant (cm3 ~~‘1 for decomposition of M-S by reaction with 
another 5 molecule. 
a The product of this reaction is 100% (M - Fl-. 
‘The products of this reaction ere 41% (M - Fj-, 18% (M ~ ZFI-, and 41% 
F-(HF)~s~_~. 
Q The products of this reaction are 72% F~(HF)2So-r and 28% F-IHF)z~_~. 
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ing in which the negative ions possessed either highly 
localized charge density, as in Cl- [Zl-231, or delocal- 
ised charge density, such as in the molecular anions 
of substituted nitrobenzenes [18]. It is also noted in 
Table 1 that the -AG” for DMSO clustering of CrF; 
and SF; are relatively similar, differing by only 0.5 
kcallmol in favor of C7F;. Since the electron affinities 
of C7Fi4 and SF6 are almost identical [8], this result 
is also consistent with previous observations in which 
similar -AGo values were observed for various substi- 
tuted nitrobenzenes of similar EA [ 181. It is interesting 
to note, however, that the -AGO values for cluster- 
ing by methanol differ by a significantly larger margin, 
1.9 kcal/mol, again in favor of C,F&. This observation 
of preferential methanol attachment to C,F, over SE; 
relative to the corresponding difference for DMSO at- 
tachment can be considered in terms of the structures 
of the ions and the two solvating molecules, in accor- 
dance with arguments previously put forth by Kebarle 
and co-workers [18,22]. While the dipole moment of 
methanol is smaller than that of DMSO, its positive 
end is highly localised on its hydroxy hydrogen atom 
and can closely approach the region of negative charge 
density on a negative ion. If the charge density of the 
negative ion is also highly localiied, the effective ion- 
dipole interaction radius of the complex can be made 
quite small and, in this case, a particularly strong in- 
teraction with methanol can be expected. While the 
dipole moment of DMSO is larger, its positive end is 
less localised than that of methanol and is sterically 
hindered in its interaction with a negative ion by its 
two methyl groups [22]. For these reasons, DMSO is 
less able than methanol to closely approach a negative 
ion of highly localized charge. Therefore, the prefer- 
ential solvation of CrFi; by methanol observed here 
suggests that negative charge density in CrF, is actu- 
ally more localized than that in the smaller SF, ion. 
Fmgmentation Dynamics by Pulsed e-beam 
Experiments 
Another pulsed e-beam experiment for CrFi4 is shown 
in Figure 7 where methanol, rather than DMSO as 
in Figure 6, has been added to the methane buffer 
gas. Some of the same features as discussed above for 
Figure 6 are also evident here. A state of equilibrium 
for the solvation reaction symbolized by reaction 3 is 
again evident where the M- and M-(CHrOH) ions 
are held in constant relative abundance throughout the 
period of the experiment. A significant difference in 
this case, however, is that with methanol the decay of 
the M- and M-(CHsOH) ions in time is significantly 
faster than the decay of the TN1 signal (not shown). 
Also, the four fragment ions, (M-F)-, (M-2E)-, and 
F-(HF)2(CHs0H)0_1, which were noted previously in 
spectra 2c, are shown in Figure 7 along with the M- 
and M-(CHaOH) ions. As these fragment ions have 
very low relative intensities during the earliest mo- 
ments of negative ion appearance, it is clear that they 
I-( 
0 IO 20 30 40 
time (ms) 
Figure 7. Pulsed e-beam experiment for the C7F14 (0.23 
mtorr-methanol(10.9 mtorr) reaction system in 3.0 torr methane 
at 35 ‘C. In this case lines determined by averaging the accumu- 
lated ion signals are shown. 
are not formed during the initial e-beam pulse of elec- 
trons. Instead, they are formed later in time and must 
be produced from either the M- or M-(CHsOH) ions. 
Because multiple cluster ions of the type M-(CHsOH), 
are not observed and because C7Fr4 shows no ten- 
dency to thermally decompose in pure methane buffer 
gas, it is reasonable to assume that the single cluster 
ion M-(CHaOH) is involved in the formation of the 
fragment ions. Perhaps the simplest mechanism sug- 
gested by these initial observations is mechanism 5, 
r&s kl 
M-+S= M-S + fragment ions (5) 
in which the single cluster ion is envisioned to be un- 
stable and undergoes unimolecular decomposition to 
form the various fragment ions in a single, branched 
reaction. If this mechanism were operative, the slope, 
V obst of the ln(intensity)-versus-time plot for the MP 
and M-(CHaOH) ions in Figure 7 would be given by 
V obs = hQ + Vd 
where Q = [M-S]I([M-] + [M-S]) = K&S]I(l + 
I&s[S]), and V, is the fist-order rate constant for the 
loss of all ions by diffusion to the walls (VV, is de- 
termined from parallel measurements of the TN1 sig- 
nal decay rate under identical pulsed e-beam condi- 
tions). In Figure 8, a plot of V,,, -Vd versus Q for a]1 
C7Fi4-methanol measurements is shown in which a va- 
riety of methanol partial pressures were used in 3.0 torr 
methane pressure and 35 ‘C. The resulting curved line 
indicates that this reaction system is poorly described 
by mechanism 5. ln addition, it was found that the in- 
tensity of the (M-F)- ion increases somewhat relative 
to those of the other fragment ions as progressively 
smaller partial pressures of methanol were used. This 
observation suggests that the fragment ions in Figures 
2c and 7 come from at least two competitive processes 
of differing orders with respect to methanol concentra- 
tion. The following generalized scheme, in which the 
fragment ions are produced by competitive first- and 
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Figure 8. The observed reaction velocity corrected for diffusional 
loss is plotted against Q = [M-S]/([M-] + [M-S]) for the 
CTFU-methanol reaction system at 35 ‘C. This plot is a test of the 
applicability of eq 6 and mechanism 5 for this reaction system. 
Q has been varied by changing the partial pressure of methanol 
from about 0.5 to 15 mtorr. The total pressure of methane buffer 
gas was 3.0 torr, except for the two square data points for which 
the methane pressure was 2.0 and 4.0 ton. 
Figure 9. The same measurements described in Figure 8 are plot- 
ted here in a form that tests for applicability of eq 8 and mecha- 
nism 7 to the C,Fu-methanol reaction system at 35 OC. 
gen atom transfer step provides about -32 kcal/mol* of 
enthalpy change to the overall reaction [23] and, there- 
fore, will be a driving force in these reactions. These 
reactions probably also provide the source of HF in the 
fourth terminal ion, F-(HF)x-, included in mechanism 
second-order reactions from the single cluster ion, was 
then tested for the C7F14-methanol system 
KMS MS1 (M-F) - 
M-+S + MS- _-_ -+z (M-2F)- 
F-(HF), 3 F-(I-IF)*S 
(M-F)- 
(7) 
It is noted that one of the product ions, F-(HF)>, be- 
comes stoichiometrically more reasonable with mech- 
anism 7 because its two hydrogen atoms can be sup- 
plied by the two hydroxy protons of the two methanol 
molecules involved in the second order process. It is 
also noted that this ion appears as two ions, the other 
being F-(HF),S, due to its fast clusteringldeclustering 
reactions with methanol. If mechanism 7 is operative, 
the slope, Vobs, of the ln(intensity)-versus-time data for 
the M- or M-S ions in Figure 7 will be given by: 
V obs = (k, + WWQ + Vd (8) 
where Q and Vd have the same definitions as given for 
eq 6. The results of the C7F14-methanol experiments 
have been plotted again in Figure 9 in the form (V,& - 
Vd)/Q versus [S]. A straight line, consistent with eq 
8 and mechanism 7, is then obtained. The slope and 
intercept of this line provide k2 = 1.0 x lo-l2 cm3 5-l 
and kl = 45 s-l. 
It is useful to consider what the most likely neu- 
tral products might be in the C7F,,-methanol reac- 
tions shown in mechanism 7. Three of the four de- 
composition reactions in mechanism 7 involve the loss 
of one or two fluorine atoms. Each of these depart- 
ing fluorine atoms undoubtedlv reacts with one of the 
. .- 
7. More specifically, FP(HF)2 might be produced from 
the same reaction complex that leads to (M-2F)- and 
2HF in the following way: immediately following a sig- 
nificant fraction of these reactions, the two HF product 
molecules remain attached to the (M-2F)- product ion 
and induce it to decompose further to F-(HF)z. Sup- 
porting evidence for the formation of F- ions by the 
assistance of solvation will be related in a later section 
dealing with AFIMS measurements. 
The identical pulsed e-beam experiments as de- 
scribed above were also performed for SF6 in the pres- 
ence of DMSO and methanol. These experiments re- 
vealed that SF, undergoes reactions that are similar 
to those described above for C7F& in the presence of 
these two clustering agents. In the presence of DMSO, 
only the M- and M-(DMSO) ions, and no fragment 
ions, are observed. In the presence of methanol, the 
fragment ions shown previously in Figure 3c are ob- 
served, along with the M- and M-(CHsOH) ions. 
As shown in Figure 10, the measured decay rate of 
the SF;(CH,OH) ion at 35 “C is again best described 
by mechanism 7. In this case, however, the inter- 
cept in Figure 10 indicates that kl is too small to be 
accurately determined under these conditions, while 
k2 = 3.3 x lo-l3 cm3 s-l. All rate constants, equi- 
librium constants, and product ion distributions pro- 
duced through mechanism 7 in the solvation of SF; 
and C7F, by DMSO and methanol are summarized in 
Table 1. 
The dominant mechanism for the methanol-assisted 
decomposition of CTF, and SF; appears to change as 
the ion source temperature is made higher. In the pre- 
vious discussion of Figures 4f and 5f, it was shown that 
most of the (M-F)- ions that are observed at 150 “C 
are produced by virtue of methanol’s presence. In ad- 
ditional measurements at 150 OC, it was found that the 
methanol molecules present in the reaction complex 
as follows: F + CH3OH --+ HF + CH30. This hydro- 
*Calculated from H,(F) = 19, H,(HOCH3) = -48, H,(W) = -65, and 
H,(CH,O) = 4 kcallmol, taken from ref [23]. 
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Figure 10. This plot tests the applicability of eq 8 and mecha- 
nism 7 to the SF&-methanol reaction system at 35 T in 3.0 torr 
methane. The partial pressure of SF6 is 0.15 mtorr and the partial 
pressure of methanol has been varied from about 15 to 70 mtorr. 
relative intensity of the (M-F)- ions in the HPECMS 
spectra of C7F14 and SF6, such as those shown in 
Figures 4f and 5f, were directly proportional to the 
concentration of methanol added to the buffer gas. 
This observation is most consistent with unimolecular 
mechanism 5 in which Khls is small at 150 “C, but k1 is 
very large, so that the M-S cluster ion is involved as a 
short-lived intermediate that is not directly observed. 
Effects of Methanol and Water on the EC-ARMS 
Spectra of C7Fx4 and SF6 
Due to the much higher partial pressures of solvat- 
ing compound that can be added to a buffer gas 
at 1.0 atmosphere total pressure, the effects of the 
methanol-assisted decomposition reactions discussed 
above might be expected to be greatly amplified in 
the EC-ARMS spectra of C7F14 and SF6. These expec- 
tations are clearly demonstrated for C7F14 in Figure 
11. In Figure lla, the EC spectrum of C7F14 at 150 
“C is very simple in pure nitrogen carrier gas; it con- 
sists of a dominant MP ion and a low-intensity (M-F)- 
ion. As the temperature of the ion source is lowered 
from 150 “C (not shown in the figure), the relative in- 
tensity of the (M-F)- in pure nitrogen buffer gas be- 
comes even lower than indicated in Figure lla. The 
EC-APIMS spectrum of C7F14 in the presence of 13 
torr methanol at 150 ‘C is shown in Figure llb. This 
spectrum is dominated by the (M-F)- fragment ion, 
and the molecular M- ion is no longer observable. Re- 
call (Figure 4f) that the intensity of the (M-F)- ion for 
C~F~J at 150 “C was modest relative to that of the domi- 
nant M- ion under conditions of much lower methanol 
partial pressure. The approximately thousandfold in- 
crease in methanol concentration in the APIMS exper- 
iment appears to account for the reversal of the MP 
and (M - F)- ion intensities in spectrum llb. 
As shown in Figure llc, the EC-APIMS spectrum 
of C7F14 is further altered by the combined effects of 
methanol’s presence and low temperature, and bears 
little resemblance to either of the spectra shown in 
Figure lla and b. The intensity of the (M-F)- ion 
is very low in spectrum llc, which is dominated by 
fragment ions of the type F-(CH30H)2_-10_ In addi- 
tional experiments at 40 “C, it was found that the rel- 
ative intensity of (M-F)- was continuously decreased 
and F-(CHsOH), increased as the partial pressure of 
methanol was increased. This trend is consistent with 
the following reaction sequence in which the final lo- 
cation of the excess negative charge is influenced by 
the solvation of the reaction intermediate shown in re- 
action 9. 
MS- ~ (M _ _F(S),)_ <(M-F)- + F + nS (9a) 
F-(S), + (M-F) (9b) 
As the partial pressure of methanol is made very high, 
a larger number, n, of methanol molecules will be 
available for clustering to the intermediate species as 
its bond to a fluorine atom is being lengthened. As n 
is made larger, the magnitude of this stabilizing force 
will be much greater if the excess negative charge is re- 
tained on the smaller F atom rather than on the larger 
molecular portion of the intermediate species. There- 
fore, as the partial pressure of methanol is increased, 
the preferred location of negative charge changes from 
the (M-F) to the F portions of the reaction intermedi- 
ate. 
In Figure 12 the corresponding EC-APIMS spectra 
of SF6 are shown. Again, in the absence of added 
methanol, spectrum i2a indicates that the normal 
(a) M- 
C7Fl4 
. 
0 loo 200 300 400 
m/z 
Figure 11. The EC-ARMS spectra of C7F14 in pure nitrogen 
buffer gas (a) at atmospheric pressure and 150 ‘C, and (b) with 
13 torr methanol added to the nitrogen buffer gas at 150 “C, (c) 
and at 40 OC. 
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Figure 12. The EC-APIMS spectra of SF6 in pure nitrogen buffer 
gas (a) at atmospheric pressure and 150 °C, and (b) with 13 tort 
methanol added to the nitrogen buffer gas at 150 °C, and (c) at 
40°C. 
products of EC by SF6 at atmospheric pressure are a 
dominant M-  ion and an (M-F)- ion of very low rela- 
tive intensity. However, with 13 torr methanol added 
to the buffer gas, only ions of the type F- (CH3OH),  
are observed at both high and low ion source tempera- 
tures; the n = 2 and 3 species are observed at 150 °C, 
and the n = 2-10 species at 40 °C. The fragment ion 
of the type (M-F)-, which was dominant at high ion 
source temperature for C7F14, is not observable ven 
at high temperature for SF6. In terms of mechanism 9, 
this may be due to the fact that the SF5 fragment is 
smaller and has a lower EA [24] than the C7F13 frag- 
ment and, therefore, is less able to compete with a 
highly solvated F species for retention of the negative 
charge in reaction 9. 
In Figure 13 the EC-APIMS spectra of C7E~4 mea- 
sured in the presence of 16 torr water using both high 
and low ion source temperatures are shown. These 
spectra bear close resemblance to the corresponding 
spectra obtained in the presence of methanol (spectra 
11h and c). At 150 °C, spectrum 13a is again dominated 
by the (M-F)- fragment ion, and at 40 °C spectrum 13b 
consists entirely of ions of the type F - (H20) ,  where 
n = 2-23 in this case. The distribution of ions in spec- 
trum 13b (as well as those shown previously in spectra 
11c and 12c) is not thought  o represent the actual dis- 
tribution of cluster ions in the ion source. Calculations 
[25] of the actual F water cluster distribution expected 
under the conditions resulting i  spectrum 13b indicate 
that the most abundant ions within the ion source will 
be cluster ions having n = 5-7 water molecules. The 
much larger cluster ions shown in spectrum 13b are 
being produced only in the region of the ion-sampling 
aperture of the APIMS ion source, where adiabatic ex- 
pansion of the atmospheric pressure gas leads to gas 
cooling and additional cluster growth just prior to their 
mass analysis and detection [15]. 
The APIMS measurements reported above indicate 
that the molecular negative ions of PFCs may not be 
generally observable under electron capture or nega- 
tive chemical ionization conditions when protic com- 
pounds such as methanol and water are present at 
partial pressures of several tort. Because ambient air 
typically contains this much water vapor, for example, 
only cluster-assisted fragment ions might be xpected 
in the analysis of PFCs in real air by the direct intro- 
duction of the whole air sample into a negative ion 
APIMS ion source. These processes might also be ex- 
pected to be important in the analysis of PFCs by liquid 
chromatography/mass spectrometry (LC/MS) if a pro- 
tic compound is used in the mobile phase. A recent 
report by Huang et al. [26] provides support  for this 
latter expectation. In their determinations of a variety 
of PFCs (including C7F14 ) by LC/MS, they observed 
ions primarily of the type (M-F)- when using the "fil- 
ament on"  mode of " thermospray"  effluent vaporiza- 
tion with water added to the mobile phase at high 
ion source temperature. Our results, shown in spec- 
tra 13a, indicated preferential formation of the (M-F) -  
f rom C7F14 under conditions that were very similar to 
these. It seems very likely, therefore, that the (M-F)- 
fragment ions observed by Huang et al. [26] also orig- 
inated through the cluster-assisted decomposit ion re- 
actions described here. 
Conc lus ions  
We have shown that the molecular negative ions of 
C7F14 and SF6 are made unstable when clustered by 
the protic molecule methanol and that they then read- 
(a) ](M-F)" 
C7F14 
(/) 
c 
0 . , [  
~ . . .  I . . ,  
> a )-Sn 
"~ n=6 2 
lb._ 22 
0 100 203 300 400 
m/z  
Figure 13. The EC-APIMS spectra of C71::14 in nitrogen buffer 
gas, which also contains 15 torr water at (a) 150 °C and (b) 40 
oc. 
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ily decompose into various smaller fragment ions. It 
was demonstrated that water also causes fragmenta- 
tion of these molecular anions while the dipolar apro- 
tic molecule DMSO does not. These previously un- 
known reactions have direct implications for the analy- 
sis of PFCs by negative ionization methods under con- 
ditions in which protic compounds (including water) 
are  present in the buffer gas. We have demonstrated 
that these cluster-assisted decomposition reactions can 
dominate the APIMS negative ion spectra of PFCs if 
the partial pressure of methanol or water in the buffer 
gas exceeds a few torr. 
While it is acknowledged that the preferred geome- 
tries of the C7F~4 and SF 6 ions are possibly distorted 
through clustering by a methanol molecule, it is nev- 
ertheless interesting to consider whether the fragment 
ions produced by the decomposition of the dustered 
ions provide additional insight concerning the struc- 
ttrres of the core SF 6 and C7F~4 ions. In particular, 
it is interesting to consider the possibility, mentioned 
earlier, that SF 6 and C7F14 might be better epresented 
as nondiscrete ion-complexes of the type (SFs)F- and 
(CTF13)F-. The pulsed e-beam experiments reported 
here indicate that the dominant fragment ion formed 
from the methanol cluster ion of C7F14 is the (M- 
F)-  ion for all ion source temperatures. This could 
be viewed to be consistent with the possibility that 
C7F~4 is an ion of the type (C7F13)F-, because the loss 
of the unique F atom and retention of the negative 
charge on C7F13 could then be easily envisioned in 
an encounter of this species with methanol molecules. 
In that case, the neutral products might reasonably 
be assumed to be HF and the CH30 radical. How- 
ever, this line of reasoning does not provide similar 
support for the (SFs)F representation of SF 6.  The 
major fragment ions formed by the decomposition of 
the methanol cluster of SF 6 at 35 °C were not ions 
of the type (M-F)-, but rather were ions of the type 
F-(HF)I  2 in which two or three fluorine atoms were 
separated from the parent cluster ion. In this discus- 
sion, it is also interesting to recall that the AG ° val- 
ues for clustering reported here suggested that neg- 
ative charge density in CTF~ is more localized than 
in the smaller SF 6 ion. This observation also argues 
against the (SFs)F- representation of SF 6 and might 
be interpreted to be supportive of the (C7F13)F- rep- 
resentation of C7F~4. 
Acknowledgment 
This work was supported by the Chemical Analysis Division of 
the National Science Foundation under grant CHE-8711618. 
References 
1. Christophorou, L. G Adv. Electron. Electron Phys. 1978, 46, 
55. 
2. Zlatkis, A.; Poole, C. F. Electron Capture, Theory and Practice 
in Chromatography; Elsevier: New York, 1981. 
3. Harrison, A. G. Chemical Ionization Mass Spectrometry; CRC: 
Boca Raton, FL, 1983. 
4. Meacham, D,; Cooper, W. J.; Nickelsen, M.; Waite, T. D.; 
Kurucz, C. N. 198th ACS National Meeting, Miami, Septem- 
ber 1989, Division of Environmental Chemistry, Presentation 
# 131. 
5. Alge, E,; Adams, N. G.; Smith, D. J. Phys. B 1984, 17, 3827. 
6. Smith, D.; Adams, N. G.; Alge, E. J. Phys. B 1984, 17, 461. 
7. Grimsrud, E. P.; Caldwell, G.; Chowdhury, S.; Kebarle, P. 
]. Am. Chem. Soc. 1985, 107, 4627. 
8. Grimsrud, E. P.; Chowdhury, S.; Kebarle, P. J. Chem. Phys. 
1985, 83, 1059. 
9. Kebarle, P.; Chowdhury, S. Chem. Rev. 1987, 87, 513. 
10. Drzaic, P. S.; Brauman, J. I. J. Am. Chem. Soc. 1982, 104, 13. 
11. Mock, R. S.; Grimsrud, E. P. J. Am. Chem. Soc. 1989, 111, 
2861. 
12. Mock, R. S.; Grimsrud, E. P. In preparation. 
13. Wetzel, D. M.; Brauman, J. I. Chem. Rev. 1987, 87, 607. 
14. Gobby, P. L.; Grimsrud, E. P.; Warden, S. W. Anal. Chem. 
1980, 52, 473. 
15. Zook, D. R.; Grimsrud, E. P. ]. Phys. Chem. 1988, 92, 6374. 
16. Krieger, L. A.; Grimsrud, E. P. Int. J. Mass Spectrom Ion Phys. 
1988, 83, 189. 
17. Kebarle, P. In Techniques for the Study of Ion Molecule Reactions; 
Farrar, J. M.; Saunders, W., Eds.; John Wiley: New York, 
1988, p 221. 
18. Chowdhury, S.; Grimsrud, E. P.; Kebarle, P. J. Phys. Chem. 
1987, 91, 2551. 
19. Lindinger, W.; Albritton, D. L., J. Chem. Phys. 1975, 62, 3517. 
20. CRC Handbook of Chemistry and Physics, 69th ed.; CRC: Boca 
Raton, FL, 1989. 
21. Yamdagni, R.; Kebarle P. J. Am. Chem. Soc. 1972, 94, 2940. 
22. Magnera, T. F.; Caldwell, G.; Sunner, J.; Ikuta, S.; Kebarle, 
y~,~P. J Am. Chem. Soc. 1984, 106, 6140. 
3. Lias, S. G.; Bartness, J. E.; Liebman, J. F.; Holmes, J. L.; 
Levin, R. D.; Mallard, W. G, J. Phys. and Chem. Ref. Data. 
1988, 17, 71, 74, 604. 
24. Lias, S. G.; Bartness, J. E.; Liebman, J. F.; Holmes, J. L.; 
Levin, R. D.; Mallard, W. G. J. Phys. and Chem. Ref. Data. 
1988, 17, 718, 775. 
25. Hiraoka, K.; Mizuse, S.; Yamabe, S. J. Phys. Chem. 1988, 92, 
3943. 
26. Huang, S. K.; Klein, D. H.; McLoughlin, M. Biomed. Environ. 
Mass Spec. 1989, 18, 106. 
